Direct nucleophilic addition of -OH groups on the C 60 skeleton in the basic hydrolysis of ethyl ester of T h -symmetric fullerenehexamalonic acid (T h -FHMA), leading to the formation of a hybrid with features of T h -FHMA and fullerenol, has been observed as an important side reaction. The hydroxylation takes place at considerably milder conditions as those usually used in the synthesis of C 60 fullerenols. UV/Vis and IR spectroscopy were successfully used as a fast monitoring tool which might be of help also in other investigations where additions on C 60 skeleton of molecules with distinct absorption spectra take place.
Introduction
Since the discovery of fullerenes many attempts have been made to synthesize not only per se structurally attractive fullerene-based compounds but also compounds that could be applied for technological 1 or biological 2 purposes. Although in a recent decade scientists also discovered other nanostructured materials besides fullerene, there are still some areas where perfectly spherical cage of C 60 offers possibilities that can be hardly superseded by other molecules. One of such topics is investigation of properties of solutions of highly charged particles where salts of T h -symmetric fullerenehexamalonic acids (T h -C 66 (COOH) 12 , in further text denoted as T h -FHMA ) are almost ideal model compounds. [3] [4] [5] [6] It is not only that C 60 's spherical shape significantly facilitates calculation of electrostatic field around the functionalized molecule; 7,8, in numerous cases rigidity of its skeleton is equally important as well as exactly defined number of ionizable functional groups in the molecule. 5 The synthesis of welldefined T h -FHMA sample, however, is accompanied with serious difficulties. The most troublesome is the final step of the synthesis where, during the hydrolysis of T h -FHMA ester into its salt, partial decarboxylation as a side reaction was observed. 9 There also exist other water-soluble fullerene compounds but they are either less water-soluble or cannot be prepared pure enough to be utilized in studies where working with well-defined samples is of utmost importance. Among the latter compounds one has to certainly mention polyhydroxylated fullerenes, denoted more popularly as fullerenols or fullerols. Their preparation is much easier than the preparation of T h -FHMA and it is of no surprise that publications concerning fullerenols are far more numerous 10 than those concerning T h -FHMA. The research work related to fullerenols embraces wide spectrum of areas, e.g., studies of their electrolytic properties, 11 physicochemical characterization of their properties in water 12 and use in catalytic processes, 13 studies related to their application in drug delivery 14 and their biological activity. 15 Due to the popularity of fullerenols there still exists a need for improving the synthesis 16 and analytical methods for establishing their characterization. 17 During our recent attempts to further optimize hydrolysis of ethyl ester of T h -FHMA we have observed that under certain conditions a nucleophilic addition of -OH groups to fullerene C 60 cage takes place as a side reaction, leading to the formation of some kind of a hybrid with features of T h -symmetric FHMA and fullerenol (Scheme 1).
Experimental

1. Materials and General Synthetic Procedures
Ethyl ester of T h -FHMA was synthesized according to the literature procedure. 18 We have used C 60 (99.5+ % purity), supplied by MER Corporation (USA), 9,10-dimethylanthracene (99%, Aldrich), 1,8-diazabicyclo [5, 4 ,0]undec-7-ene (98%, Aldrich), and diethyl bromomalonate (95%, Merck). Reaction product was purified by column chromatography using SiO 2 as a stationary phase (Kieselgel 60, 0.043-0.060 mm), and toluene/ethyl acetate mobile phase (95:5 v/v at the beginning, and 88:12 v/v at the end of the chromatographic separation). Final purification of the product was made by precipitation of T h -C 66 (COOEt) 12 from a concentrated chloroform solution by dropping it into hexane. Identity and purity of the isolated T h -C 66 (COOEt) 12 was confirmed by thin layer chromatography on SiO 2 stationary phase (mobile phase: toluene/ethyl acetate 95:5 v/v; R f = 0.24) and by 1 H and 13 C NMR spectra.
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Hydrolysis of T h -C 66 (COOEt) 12 with KOH in acetone (Procedure 1). 19.8 mg of T h -C 66 (COOEt) 12 was dissolved in 70 mL of acetone at room temperature to give clear bright yellow solution. During stirring of T h -C 66 (COOEt) 12 solution, 0.33 mL of 0.5 M aqueous solution of KOH (approx. 30% excess according to the quantity of carboxylic groups in the substrate) was added into the acetone solution. The solution became turbid immediately and in 1-2 minutes turned from yellow into clear dark-brownish solution. After 5 minutes additional 50 μL of 0.5 M KOH were added and stirred for additional 15 minutes. During this time the brownish color of the solution intensifies. At the end, the solvent was removed by evaporation at reduced pressure and the reaction product was analyzed without further purification.
Hydrolysis of T h -C 66 (COOEt) 12 with an equimolar amount of NaOMe in acetone (Procedure 2). The same amounts of substrate and solvent were used as in previous experiment, except of using methanol solution of NaOMe (0.6 mL MeOH and 3.5 mg Na) as the basic reagent, which was slowly added by dropping. At the end of the reaction, additional 10% of the original amount of NaOMe was added to ensure completion of the reaction. Hydrolysis of T h -C 66 (COOEt) 12 with an equimolar amount of NaOMe in toluene/CH 2 Cl 2 (Procedure 3a). 19.8 mg of T h -C 66 (COOEt) 12 was dissolved in 0.5 mL of dichloromethane and stirred with 20 mL of toluene at room temperature to give clear bright yellow solution. Into this solution, the methanol solution of NaOMe (0.6 mL MeOH and 3.5 mg Na) was slowly added by dropping. At the end of the reaction, additional 10% of the original amount of NaOMe was added to ensure completion of the reaction (sodium salt, T h -C 66 (COONa) 12 , should precipitate from toluene/CH 2 Cl 2 solution). The yellow precipitate was isolated from the supernatant by centrifugation and dried under reduced pressure. Dry sample was dissolved in triple distilled water and passed slowly through cationic ion exchange resin in H + form (Amberlite 200) in order to remove sodium ions.
Hydrolysis of T h -C 66 (COOEt) 12 using an excess of NaOMe in toluene/CH 2 Cl 2 (Procedure 3b). 1.13 g of T h -C 66 (COOEt) 12 was dissolved in 50 mL of dichloromethane and slowly poured into 700 mL of toluene at room temperature, during the intense mixing, to give clear bright yellow solution. Methanol solution of NaOMe (20 mL MeOH and 208 mg Na) was added by dropping to the T h -C 66 (COOEt) 12 solution within one minute and the reaction was allowed to proceed for 130 minutes. At the end of the reaction, the product was precipitated while the solution turned colorless. Reaction mixture was filtered through filter paper to isolate the fine precipitate. The product was washed first with toluene and then with hexane, and finally dried under reduced pressure overnight. Dry sample was dissolved in triple distilled water and sodium ions were exchanged for H + ions on cationic ion exchange resin in H + form (Amberlite 200).
Hydrolysis of T h -C 66 (COOEt) 12 using an excess of NaOMe in toluene/CH 2 Cl 2 (Procedure 3c). This procedure was performed in the same way as Procedure 3b, except that smaller quantities of T h -C 66 (COOEt) 12 were used (see Procedure 3a). Obviously, the outcome of the hydrolysis reaction critically depends on the volume of dichlorometane used for dissolving the starting T h -C 66 (COOEt) 12 before adding toluene.
Preparation of fullerenol.
Fullerenol was prepared according to the literature procedure, 19 and it is assumed that fullerenol, prepared by following this procedure, has around 26 -OH groups attached to the C 60 skeleton.
Instruments
UV/Vis spectra were recorded on Cary 100 instrument (Varian, USA). Aqueous solutions of fullerenes were measured in quartz cuvettes of various light paths, depending on the concentration and molar absorption coefficients of solutes. Double beam mode was applied and baseline was substracted from the measured signal. Measurements were carried out at 25.0 °C. ATR-IR spectra were recorded on Bruker Alpha-Platinum spectrometer.
Results and Discussion
The most critical step in the synthesis of T h -FHMA (2, Scheme 1) is hydrolysis of ester groups in T h -C 66 (COOEt) 12 (1, Scheme 1). We have already devoted a great deal of attention to this reaction, focusing primarily on partial decarboxylation. 9 During our previous preparations of T h -FHMA we have already observed that bright yellow color of T h -C 66 (COOEt) 12 slightly changed into a bit more brownish color after hydrolysis with NaOMe. Nevertheless, the characteristic shape of UV/Vis spectra of solutions of T h -FHMA remained almost the same (see for example Figure 1 , Procedure 3a), as it is known for other T h -symmetric adducts. 20,21, We ascribed small changes in the shape of the spectra to the solvent effect (changing from toluene to water) and the charge acquired on the carboxylic groups. During our recent experiments with basic hydrolysis, presented here, far more drastic change of color from yellow to brown was seen during hydrolysis of the T h -C 66 (COOEt) 12 with KOH in acetone (Figure 1 , Procedure 1). Our observation was confirmed by recording UV/Vis spectrum of the reaction product. A notable change of the shape of the spectrum, compared to the spectra obtained in earlier hydrolysis reactions, was observed. The spectrum of hydrolized product, obtained with KOH in acetone, shows increased intensity in the region of visible light, while the shape of the spectrum below 350 nm lost the pattern characteristic of T h -symmetric hexakis adducts and became more similar to the one of fullerenol (see Figure 1) .
As can be seen from Figure 1 , UV/Vis absorption spectra of T h -C 66 (COOEt) 12 , hydrolyzed by NaOMe in toluene/CH 2 Cl 2 solution, retained their characteristic pattern of T h -symmetric hexakis adducts (Procedure 3a). 20,21, Use of the same base (NaOMe) in acetone qualitatively preserved the same but rather less pronounced shape, typical of T h -symmetric hexakis adducts (Procedure 2). It is interesting to mention that Arrais and coworkers synthesized water-soluble oxygenated products of C 60 using tetrahydrofurane as solvent by adding Na/K, isopropanol and water. 22 Based on the results of analysis, authors concluded that by applying this procedure, the most preferable reaction in this case is the addition of -OH groups to the fullerene skeleton. 22 The most notable change in our UV/Vis spectra, observed when hydrolysis with NaOMe was done in acetone, is the diminished depth of the local minimum at 258 nm. When hydrolysis was carried out in acetone by using KOH as a base, the UV/Vis spectrum of the product dramatically changed and is hardly comparable to the spectrum which is representative for T h -symmetric hexakis compounds. Namely, it is characteristic for T h -symmetric hexakis adducts that due to the reduced conjugation (there are eight isolated benzenoid rings left on the fullerene cage) they demonstrate only minimal absorption in the region of visible light, tailing until 460 nm. 20 Moreover, comparison of spectra of various T h -symmetric hexakis adducts, presented by Diederich 20 and by Lamparth, 21 ,23, shows a common feature of such spectra: a distinctive local absorption minimum at ≈ 260 nm surrounded by two pronounced absorption peaks, and a shoulder in the region between 320 and 340 nm. Such UV/Vis spectra are typical for all hexakis adducts because of the same conjugation left on the C 60 skeleton, and are almost independent on the type of the addend.
On the contrary, the UV/Vis spectrum of fullerenol shows no absorption peaks in the range between 190 and 900 nm 24 and its molar absorption coefficient monotonically increases with decreasing wavelength (Figure 1 ). 12 Obviously, the recorded absorption spectrum of the reaction product, obtained by the basic hydrolysis with KOH in acetone, can be regarded as a hybrid spectrum of T hsymmetric hexakis adduct and fullerenol (Figure 1 , Procedure 1). These facts also explain why hydroxylation occurring in T h -symmetric hexakis adducts can be observed by bare eyes, if the degree of hydroxylation is high enough.
Unfortunately, we were unable to determine the exact degree of hydroxylation of obtained reaction products by the use of elemental analysis. Use of more direct mass spectrometric identification method (ESI MS) also failed to unambiguously determine the reaction products. Namely, although LC-MS methods are a powerful tool for the quantization of fullerenes in complex samples, these techniques alone cannot provide detailed qualitative information. 25 Due to the presence of six malonic addends on the C 60 skeleton, one may expect that the number of -OH groups will be smaller than in the case of pure fullerenol (i.e., 26). 19 Furthermore, the presence of residual water molecules and possible partial decarboxylation 9 additionally increases uncertainty of the molecular mass calculations from the measured hydrogen quantity. Additional source of error could also come from the presence of residual alkali metal ions (Na + /K + ) in the sample. It is possible to diminish the quantity of these ions to a certain extent by the application of a gel-filtration. However, the determination of the number of -OH groups requires both tedious work and application of numerous analytical techniques, too expensive even in the case of pure fullerenol. 26 In order to assure complete removal of alkaline ions, the reaction product should be transformed into an acidic form on a strongly acidic ion exchange resin. Still, this provokes deterioration of the reaction product, probably due to the transformation of the vicinal hydroxy groups to the corresponding ketone structure, 19 thus changing the amount of hydrogen atoms present in the sample. Similar uncertainties, as met in the interpretation of the results of elemental analysis, are also valid for the interpretation of 1 H NMR spectrum. While the latter technique is rather sensitive to the presence of reactants (e.g. tetrabutylammonium hydroxide) used in the synthesis of fullerenols, 26 it is of no practical help when physico-chemical characterization of fullerenol and its by-products is in question. 17 Therefore, such spectra can be used only as an additional support for assumed hydroxylation, rather than an argument against it.
Due to the low sensitivity of the 13 C NMR spectroscopy and increased asymmetry on the C 60 skeleton imposed by hydroxylation and/or partial decarboxylation of the FHMA, 9 this technique would be of questionable help.
Consequently, besides UV/Vis spectra, the most promising tool for the identification of the changes during the hydrolysis of the T h -C 66 (COOEt) 12 , that induced the color change, seems to be IR spectra. The comparison of IR spectra of fullerenol and reaction products of the hydrolysis of T h -C 66 (COOEt) 12 at different conditions, together with the IR spectrum of the parent T h -C 66 (COOEt) 12 is shown in Figure 2 .
IR spectrum of the parent ester, T h -C 66 (COOEt) 12 ( Figure 2, spectrum 1) , contains typical C=O absorption at 1750 cm -1 in contrast to the IR spectrum of fullerenol (Figure 2, spectrum 5) containing a broad OH absorption band at 3200 cm -1 , together with three typical strong and broad absorptions in the fingerprint region between 1000 and 1700 cm -1 . The IR spectra of the different samples of Figure 1 . UV/Vis absorption spectra of samples hydrolyzed at different conditions. Spectra were recorded in water at 25 °C and linearly scaled to have the same absorbance at 258 nm (local minimum in spectra of low deteriorated samples; chosen arbitrary as a reference point). Discontinuity of spectra at 350 nm is due to the change of light source in the spectrophotometer. The concentration of fullerene species in all solutions was of the range 10 -5 mol Ful /L.
Cerar and Cerkovnik: Basic Hydrolysis of Fullerene-based Esters: ...
hydrolyzed T h -C 66 (COOEt) 12 ( Figure 2 , spectra 2-4) contain broad OH absorption bands at 3200 cm -1 and, in line with the use of stronger bases for the hydrolysis of T h -C 66 (COOEt) 12 , such as KOH in acetone (spectrum 4), typical fingerprint absorptions appeared, very similar to the absorptions in the spectrum of fullerenol (spectrum 5). As in the case of the UV/Vis spectra, one could safely assume that IR spectra of hydrolyzed samples of T h -C 66 (COOEt) 12 represent a hybrid spectrum of T h -FHMA and fullerenol.
A practical question that arises from our experiments could be whether it is possible to safely hydrolyse T h -C 66 (COOEt) 12 at basic conditions, not to risk the hydroxylation of the C 60 skeleton. One possible hint would be that small OH -ions experience less steric obstacles than larger MeO -ions and can therefore penetrate closer to the C 60 cage. If one extrapolates such speculation, it might be interesting to use larger, but less nucleophilic, basic anions, i.e., EtO
It is, however, beyond our current research to test hydrolysis with higher alkylates.
1. Molar Absorption Coefficient as a Measure of the Degree of Partial Decarboxylation and/or Degree of Hydroxylation
It is interesting to mention that until now we were not aware of possible nucleophilic addition of a base to the C 60 skeleton during basic hydrolysis. Therefore, we were ascribing the occasional deviations of the value of the molar absorption coefficient obtained at 334 nm (ε 334 ) from the reported value (ε 334 = 4.19 × 10 4 L/(cm mol FHMA )) 27 to the differences in the partial decarboxylation. Namely, molar absorption coefficient of the synthesized sample was always determined from the measured absorbance and concentration of T h -FHMA, obtained by potentiometric neutralization titration. 27 Having in mind the fact that the number of -COOH groups attached to C 60 , can be lower than 12 (because of the partial decarboxylation), it is easy to understand that ε 334 , calculated from the concentration of -COOH groups, also depends on the degree of partial decarboxylation. Consequently, in the absence of hydroxylation of C 60 skeleton, measured ε 334 could be used as a rough measure of the degree of partial decarboxylation, if one assumes that the influence of partial decarboxylation on electronic properties of fullerene π-chromophore system is negligible. An occurrence of hydroxylation may have, in the worst case, the influence on the interpretation of experimental results, obtained with the help of molar absorption coefficient of T h -FHMA. 9 Nevertheless, at the present we do not have any indications that this is the case. On the other hand, knowing the influence of the hydroxylation of the C 60 skeleton on the shape of the UV/Vis and IR spectra is of notable help in the fast estimation of possible deterioration of the T h -C 66 (COOEt) 12 sample.
Conclusions
UV/Vis and IR spectra of the hydrolysed samples of T h -C 66 (COOEt) 12 clearly demonstrate that additional hydroxylation of the T h -symmetric fullerenehexamalonic acid (T h -FHMA) can take place during the basic hydrolysis. This is, beside the already known partial decarboxylation, 9 another side reaction that aggravates preparation of pure samples of T h -FHMA and its salts. The conditions at which hydroxylation of fullerene core of T h -FHMA occurs, are considerably milder than those usually used in the preparation of C 60 fullerenols. One of the reasons for easier nucleophilic addition of -OH groups may be good solubility of polar T h -C 66 (COOEt) 12 molecule in acetone, which allows the hydroxylation to occur in a one-phase system, compared to the two-phase hydroxylation in the case of parent non-polar C 60 . Furthermore, the assistance of six malonate carboxylic groups, attached on the C 60 core, additionally promoting the nucleophilic attack of -OH ions, could also be taken into account.
Although UV/Vis and IR spectrometry may give qualitative or even semi-quantitative information about the occurrence of hydroxylation reaction on the C 60 skeleton, the quantitative estimation can be obtained only by the use of additional methods and systematic elucidation of results from all of the used methods. Inclusion of ionchromatography and capillary electrophoresis in such a study seems to be indispensable. 9 One should take into account that T h -symmetric hexakis adducts are not the only fullerene-based compounds with rather typical shape of UV/Vis spectrum. 21 Therefore, the use of UV/Vis and IR spectroscopy as a fast and inexpensive monitoring tool might be of help also for other investigations where additions on C 60 skeleton of molecules with distinct absorption spectra take place. 
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